Abstract. Fatigue strength of notched specimen and smooth specimen of Zr-based bulk metallic glass, Zr 55 Cu 30 Ni 5 Al 10 , were conducted under either plane-bending or axial-loading. Fatigue notch factor, K f , for axial-loading was almost equal to the elastic stress concentration factor, K t , and the value of K f for plane-bending was 5% lower than the value of K t . It indicates that the effect of stress gradient around notch root is negligible, and the fatigue limit of notched specimen is determined by the stress at the notch root. On the contrary, the fatigue strength and the fatigue limit were lower for axial-loading than plane-bending either for notched or smooth specimen. It is considered that the fatigue strength of BMG depends on the cooling rate in the casting process of the material, which is different along the thickness direction, and the fatigue strength of plane-bending reflects the strength at the specimen surface while that of axial-loading is determined by the weakest strength in the thickness direction.
Introduction
Several families of multi-component metallic alloy, which shows excellent glass forming ability, have been developed. For the alloys, conventional casting technique can be applied to produce amorphous alloys. By using the alloy, bulk structural components can be produced, and then the alloy is called as bulk metallic glass (BGM). Since BGM is believed to have very high strength and very high corrosion resistance, it has gotten a lot of attention as a structural material, especially for small or micro machine components. To ensure the integrity of structures made of BGM, mechanisms and mechanics of fatigue fracture should be clarified. Although the mechanical properties of BGM are being widely studied, the effect of sharp notch on the fatigue strength has not been clarified. Since every machine components have stress concentration sites, the evaluation of the fatigue strength of notched components is very important.
The fatigue notch factor, K f , which is defined as the ratio of the fatigue strength of smooth specimen to that of notched specimens at a given fatigue life, e.g., 10
7 cycles or fatigue limit, has been used by engineers in the design of notched components of structures. This factor is usually lower than the elastic stress concentration factor, K t , and the difference is more pronounced for sharp notches. The discrepancy between K f and and K t comes from the fact that the maximum stress alone is no longer appropriate for characterizing the physical process of the fatigue crack initiation which takes place over a characteristic dimension of the material microstructure. To reconcile this microstructural size effect, Neuber [1] has postulated that the controlling fracture parameter is the stress averaged over the structural size ahead of the notch root. On the other hand, Ishibashi [2] and Peterson [3] proposed that the controlling factor is the stress value at the distance of the structural size ahead of the notch root. Nakai and Tanaka [4] observed fatigue crack initiation mechanism near the notch root in carbon steel, and they found that fatigue cracks are initiated from slip bands those are formed around the notch root. They gave the initiation threshold by the condition whether the slip-band at the notch root propagated into the next grain or not, and this condition was determined by the critical value of the microscopic stress intensity factor of the slip band blocked by the nearest grain boundary [5] .
The purpose of the present study is to clarify whether the fatigue notch factor of BMG is equal to the stress concentration factor or not, and if not, to determine what is the distance of structural size in fatigue fracture of bulk metallic glass. The crack initiation and propagation mechanisms in notched specimen were also observed.
Material and Experimental Procedures
The material for the present study was bulk metallic glass (BGM), Zr 55 Cu 30 Ni 5 Al 10 (at%). The tensile strength is 1560MPa, Young's modulus is 87GPa, and the elongation at fracture is almost 0%.
The fatigue specimens were wire-electrical discharge machined from the plates with thickness of 2.0 mm. The geometries and dimensions of the smooth specimen and the notched specimen are shown in Fig. 1 . The root radius of the notched specimen was 0.1mm. The surface of specimens was polished by emery paper and then electro-chemically polished before fatigue tests. The stress concentration factors of the smooth specimens are 1.03 for plane-bending, 1.11 for axial-loading, respectively. The factor for notched specimen is 5.98 under either loading. A computer-controlled electro-dynamic testing machine was employed for the plane-bending fatigue tests, and axial-loading fatigue tests were carried out on servo hydraulic testing machine. The stress ratio, R, was -1 (fully reversed cyclic loading) and the loading frequency was 20Hz.
To conduct a quantitative analysis of the crack initiation process, the optical microscopy and the scanning atomic force microscopy (AFM) was employed for the present study. To observe the fatigue process in detail, replicas of the specimen surface were taken at the predetermined number of fatigue cycles. The replica films were coated by gold (Au) before the observation.
Experimental Results
Fatigue Life and Fatigue Limit. The difference of S-properties under plane-bending and axial-loading is shown in Fig. 2 , where Fig. 2 (a) is S-N curves for smooth specimens. The fatigue life is plotted as a function of net section stress amplitude for notched specimen in Fig. 2 (b) . In either case, the fatigue life under axial-loading is shorter than that under plane-bending and the fatigue limit under axial-loading is lower than that under plane-bending. The fatigue limit of squeezed casting plate is higher than that of high-pressure casting plate, although the fatigue life is almost the same in the finite life region as shown in Fig. 2 
(a).
Figures 3 (a) and (b) indicate comparisons between the fatigue life of notched specimen and smooth specimen under plane-bending and axial-loading, respectively, where the fatigue life is given as a function of stress amplitude at notch root. Under plane-bending, the fatigue limit of notched specimen is slightly higher than that of smooth specimen, while they are almost identical under axial-loading, i.e., the fatigue notch factor is almost equal to the elastic stress concentration factor.
Macroscopic fracture surface is almost perpendicular to the loading axis except notched specimens under plane-bending. Two types of fracture morphologies were observed for the notched specimens under plane-bending. One was the tensile mode, where a crack propagates along the minimum cross 
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section, which connects the roots of two notches and perpendicular to the maximum principal stress direction. The other one was the shear mode, where cracks propagated along the maximum shear stress plane after they were initiated around the notch root. Fatigue Crack Initiation and propagation mechanisms. Since fatigue cracks may sometimes initiate at the center of the thickness direction of notch root under axial-loading, the crack initiation behavior at the surface under plane-bending is described in this section. Typical optical micrographs of the crack initiation site under plane-bending is shown in Fig. 4．A crack, which is observed at the notch root, was formed in the very early stage of fatigue process, but it stop propagating soon. Crack "C 1 " led the specimen to the final fracture. Ahead of the crack, a shear band "SB 1 " was formed (Fig.  4(b) ). Although it is very difficult to distinguish between cracks and shear bands from the optical micrographs, AFM images showed the difference very clear. From Figs 4 (a) and (b), the main crack "C 1 " is found to be formed between the very little number of cycles of within 1.3% of the total life. It was formed near but not at the notch root, and it was not perpendicular to the loading direction. Figure 4 (c) shows that a crack "C 2 " formed from the shear band "SB 1 ". AFM images of shear band "SB 1 " and crack "C 2 " are shown in Fig. 5 , and the surface topologies at these sites before and after the crack initiation are shown in Fig. 6 . Surface topologies of these figures showed that "SB 1 " was a shear band with step about 200 nm, and it changed to a crack "C 2 ", where the crack opening occurred at the bottom of the shear step. Similar crack initiation process was also observed for crack "C 1 ", then fatigue cracks are considered to be formed at the bottom of the shear step. In the present experiment, shear steps before the crack initiation were less than 300 nm, and 
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those after the crack initiation were more than 300 nm. The main crack "C 1 " was merged to a sub crack "C 2 " at = 3.4×10 5 cycles. As shown in Fig. 7 (a) , the coalescence of the main crack with sub cracks, which was formed ahead of the main crack, was repeated until the final fracture, which led the shear type fracture morphology. Therefore, the shear mode crack propagation mechanism is the repeated initiation of cracks from the shear bands in front of cracks, and it propagates along the macroscopic maximum shear stress plane.
Figure 7 (b) shows an example of optical micrographs of tensile mode fracture. As shown in Fig. 8  (a) , the crack has shear step at point A, and it propagated by shear mode, while the surface morphology at point B (Fig. 8 (b) ) shows no shear step between crack sides and the crack propagated by tensile mode after point B.
Microscopic observations of the crack initiation process suggested that the angle of microscopic shear band around notch root, which is the origin of the crack initiation, may control whether the crack continues to propagate by shear mode or it changes to tensile mode. 
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Discussion
The fatigue notch factor under plane bending was 5% lower than the elastic stress concentration factor. This is qualitatively consistent with the microscopic observations, which showed the main crack initiated ahead of the notch root. For the quantitative analysis, the stress state around the notch root was conducted by the boundary element method (BEM). As shown in Fig. 9 , the location where the stress is 5% lower than that at the notch root is 7µm ahead of the notch root, which is few times smaller than the actual crack initiation site. Then the non-propagating crack emanating from the notch root may affect the stress field.
It is important to note that BMG is not microscopically homogeneous because there are preferential site for crack initiation, and this is the reason why the fatigue notch factor is smaller than the elastic stress concentration factor. BMG may have weak region and strong region. Under plane-bending, maximum stress appeared only one point, which is at the surface corner of the notch root. Probability of that the maximum stress site is coincident with the weak region may be very small, and cracks usually initiate ahead of the notch root, while it is everywhere along the notch root through the thickness direction under axial-loading. Then the probability of crack initiation at notch root is much higher under axial-loading than that under plane-bending. This is the reason why the fatigue notch factor for axial-loading is almost identical to the elastic stress concentration factor.
Although the effect of stress gradient around notch root on fatigue strength is ignorable, the fatigue limit under plane-bending is different from that of axial-loading. The stress gradient in the thickness direction under plane-bending is much smaller than that in the sharp notch-root stress field, e.g., the stress reduction under 10µm below the surface is 1% under plane-bending with the specimen thickness of 2mm. Since the cooling rate in the casting process of the material must be changed along the thickness direction, and it is smaller at the mid-thickness region than the surface, the mechanical properties must be changed along the thickness direction. The difference of fatigue strength between squeezed-casting plate and high-pressure casting plate supports this cooling-rate effect. The difference between the fatigue limit under plane-bending and axial-loading is considered to be responsible to that the fatigue strength for plane-bending is determined by the strength at the surface, while it is determined by the weakest site in the thickness direction under axial-loading. Although direct observations of crack initiation site under axial-loading can examine the above speculation, but we have not done yet. Indirect evidence shown in Fig. 10 can be provided, which indicates the fatigue cracks observed at the specimen surface. Crack A appeared at the notch root between = 7.0x10 5 and 9.0x10 4 cycles. Cracks B and C appeared between = 5.4x10 5 and 5.6x10 5 cycles at Point P, and 5.1x10 5 and 5.3x10 5 cycles at Point Q, respectively. Since the crack initiations at the stress free crack face (Points P and Q) is unrealistic, Cracks B and C are considered to have initiated below the surface and they propagated to the surface to merge with crack A at points P and Q.
Conclusions
Fatigue tests of Zr-based bulk metallic glass, Zr 55 Cu 30 Ni 5 Al 10 , were conducted under either plane-bending or axial-loading, and the following results were obtained.
(1) Fatigue notch factor, K f , for axial-loading was almost equal to the elastic stress concentration factor, K t , and the value of K f for plane-bending was 5% lower than the value of K t . (2) Either for notched specimen or smooth specimen, the fatigue strength and the fatigue limit were lower for axial-loading than plane-bending because the fatigue strength of plane-bending reflects the strength at the specimen surface and that of axial-loading is determined the weakest strength in the thickness direction. (3) Fatigue crack initiated from microscopic shear step, and it was not usually formed at the notch root under plane-bending. Under axial-loading, macroscopic fracture mode was usually tensile type and macroscopic fracture surface was almost perpendicular to the loading direction, while shear type fracture was sometimes observed under plane-bending.
